Various films of magnetic semiconductors EuO, EuS, EuSe, and EuTe have been studied by low-energy muon spin relaxation ͑LE-SR͒ as well as by magnetization measurement techniques. LE-SR allows measurements of the distribution of magnetic field on the subnanometer scale unaccessible to traditional macroscopic techniques. A bound state of an electron around a positive muon-a magnetic polaron-is formed in the paramagnetic phase of Eu-based films up to room temperature. The local environment around the muon in the magnetic polaron is shown to be ferromagnetic.
Following a remarkable success of the metallic spintronics based on giant-magnetoresistive effect, 1 considerable efforts have been invested in recent years into the less developed semiconductor spintronics with the aim to produce three-terminal spintronic devices, in particular, spin transistors. 2, 3 One of the most important prerequisites for such a technology is an effective injection of spin-polarized carriers from a ferromagnet ͑FM͒ into a nonmagnetic semiconductor, preferably one of those currently used in integrated circuits such as Si or GaAs. 4 Much work on metallic FM injectors proved them to be ineffective in either ohmic regime or tunneling injection. [5] [6] [7] Perhaps the best choice for the FM injector in such devices are magnetic semiconductors ͑MS͒ because of their compability with nonmagnetic semiconductors: the use of MS as a spin-polarized carrier injector avoids the so-called "conductivity mismatch" 8 which presents a fundamental difficulty for effective spin injection into a semiconductor from the FM 3d transition metals.
The successful demonstration of the injection of polarized spins in spintronic devices 9, 10 involves Mn-doped dilute magnetic semiconductors ͑DMS͒ as spin injectors. Current progress in spintronics is mainly connected to those DMS which become ferromagnetic by addition of several percent of magnetic impurities. 11 However, this addition significantly affects their homogeneity [12] [13] [14] which may cause an effective spin-flip scattering of spin-polarized carriers with subsequent reduction in the effectiveness of the spin injection. This unwanted feature is absent in concentrated MS such as Eu chalcogenides and EuO which are intrinsically magnetic.
Being examples of strongly correlated electron systems, MS demonstrate strong dependence of the electrical and optical properties on the magnetization and spin fluctuations of the magnetic lattice 15 which stimulated their extensive studies in the 1960s and 1970s. Current renaissance in the study of MS is caused by the fact that they are relatives to DMS, high-temperature superconductors and colossalmagnetoresistive manganites. 15, 16 Magnetic semiconductors offer several important advantages over DMS such as higher magnetization, spatial magnetic homogeneity and wider range of conductivity tunability by doping so that they can be used as spin filters in the insulating state and as spin injectors when doped. [17] [18] [19] When doped, however, these materials typically enter into dominant states that are not spatially homogeneous. Early studies of MS led to development of new concepts of condensed matter physics such as magnetic polaron and magnetic phase separation. Therefore MS are of fundamental interest because they provide optimal conditions for the formation of a magnetic polaron ͑MP͒-a few-body system comprized of conduction electron ͑localized on the nanoscale region of different phase which is stabilized by electron localization͒ and local magnetic moments of the host ͓e.g., as a FM "droplet" in an antiferromagnetic ͑AFM͒ or paramagnetic ͑PM͒ "sea"͔. 15, 20 Such MP determines most of the electrical, magnetic, and optical properties of these materials. In particular, low levels of electron doping either by oxygen deficiency or the substitution of Gd 3+ or La 3+ for Eu 2+ ions in EuO, lead to remarkable increase in T c up to about 170 K ͑from 70 K in stoichiometric EuO͒ and an insulator-to-metal transition ͑with resistivity change of about 13 orders of magnitude͒. 21, 22 Similar ͑but somewhat smaller size͒ effects also occur in Eu chalcogenides-EuS, EuSe, and EuTe. 15 The concept of the magnetic polaron is widely employed to explain many remarkable effects in MS and related materials studied by different techniques. [23] [24] [25] [26] [27] So far extensive studies of the formation and dynamics of magnetic polarons have been restricted to a narrow temperature range close to the magnetic phase transition temperature T c ͑large polaron region͒. Limited sensitivity ͑NMR, Raman scattering, etc.͒ or/and spatial resolution ͑magneto-optical techniques, neutron scattering, etc.͒ of many different techniques does not allow detection of magnetic inhomogeneities introduced by small magnetic polarons as MP shrink at temperature well above T c . In contrast, the unique sensitivity of polarized positive muons as a local magnetic probe ͑the muon is sensitive to its immediate environment only͒ makes muon spin relaxation ͑SR͒ ideally suited for mapping the magnetic state on the atomic ͑sub-nm͒ scale. 28 This approach has already contributed greatly to the understanding of magnetic materials, 28 DMS films, 14 and bulk DMS materials 29 as well as bulk MS. 30 Routine SR studies in condensed matter physics employ highly energetic 4.2 MeV muons with stopping range on the scale of mm in a solid. The recent development of SR with a 100% polarized low energy muon beam ͑LE-SR͒ ͑Ref. 31͒ of tunable energy between 0.5 and 30 keV ͑which allows to vary the implantation depth between a few nm and a few hundred nm͒ provides a powerful tool for mapping magnetic field distributions in thin magnetic films by following the time-dependent + spin polarization, that reveals static and dynamical effects of local magnetic fields at the muon site.
In this Brief Report, we present our LE-SR studies of EuO and Eu chalcogenides films and demonstrate that magnetic polarons do form in these MS around doping center ͑positive muon͒ at temperatures well above T c up to room temperature.
Epitaxial films of MS-EuSe, EuTe ͑both covered by 7 nm of Te͒, and EuO ͑covered by 10 nm of Au͒ with layer thicknesses of 100 nm were grown using molecular beam epitaxy on BaF 2 ͑Ref. 32͒ and LaAlO 3 , respectively. EuS films of 60 nm thickness were grown by e-beam evaporation on Si subsrate. X-ray photoemission on the EuO films, collected prior to Au encapsulation, shows 3d and 4d core level line shapes indicative of divalent Eu. X-ray diffraction measurements, after Au encapsulation, indicate epitaxial and single phase EuO. Superconducting quantum interference device measurements yield magnetization to follow Heisenberg curves with T c of 17 and 70 K for ferromagnetic EuS and EuO films, respectively; metamagnetic EuSe shows two successive phase transitions at T N = 4.8 K and T c = 2.7 K and EuTe enters the AFM state at T N = 9.8 K, all in agreement with literature data. Fully polarized low energy positive muons from the LE muon beam line at the Paul Scherrer Institute ͑PSI, Switzerland͒ were implanted into the magnetic layers. Time-differential SR spectra of the ensemble of about 1-2 million muons were recorded at various temperatures, magnetic fields, and implantation depths.
In the time-differential SR experiment one accumulates a spectrum of the individual + decay events that reveals the time-dependent spin polarization P͑t͒ of initially 100% polarized muons stopped in the sample one at a time 28 in close analogy with free induction decay in NMR. The quantity P͑t͒ contains the information about the interaction of the muon magnetic moment with its magnetic environment. Each muon stopped in the lattice ͑typically at an interstitial site͒ experiences the net effect of external and local magnetic fields and therefore precesses at the characteristic frequency = ␥ B, ͑␥ =2 ϫ 135.5 MHz/ T being the muon gyromagnetic ratio and B is the magnetic field at the muon site͒. Thus the SR technique offers an extreme sensitivity ͑often below 0.1 G͒ to the detection of internal magnetic fields of electronic and/or nuclear origin.
In magnetic materials, + SR measurements have long been employed to determine local magnetic fields at the muon site, as this provides information on the local magnetic structure. 28 Note that the SR technique requires no application of external magnetic fields as muons arrive 100% polarized. In the magnetic phase with long-range magnetic order ͑FM or AFM͒ observation of coherent muon oscillations at a single characteristic frequency in zero applied field ͑ZF-+ SR͒ gives an unambiguous measure of the local magnetic field at the muon site. If the muons experience a distribution of magnetic fields, P͑t͒ shows a distribution of precession frequencies ͑a "lineshape"͒ giving the width of the local magnetic-field distribution ⌬B in a solid. If the distribution is broad when averaged over the sample only a fast relaxation of the muon polarization is observed. By contrast, in a paramagnetic environment the polarization signal exhibits only slow exponential relaxation ͑"narrow line"͒ because of the fast fluctuations of magnetic moments. In case of different magnetic environments, P͑t͒ is the superposition of the corresponding signals and it is therefore possible to detect and quantify different magnetic fractions in the material. Details of the technique and data analysis are described in Refs. 28 and 31. Figure 1 shows typical ZF-SR spectra in EuO film. Both below and above the FM transition the muon polarization ͑proportional to the positron decay asymmetry shown on the figure͒ consists of fast-relaxing and nonrelaxing components.
Such a decomposition of SR spectra in both ZF and weak magnetic field transverse to the muon polarization into two components is observed in all the MS films studied at all temperatures from 2 K up to 300 K. It is found to be independent of the muon stopping depth within the magnetic layer. Temperature dependences of the fast-relaxing components are shown in Figs. 2 and 3 .
Observation of the fast-relaxing component at high temperature, deep in the paramagnetic state, where Eu magnetic moments make very fast spin fluctuations ͑which should lead to at least 1-2 orders of magnitude lower relaxation rates, comparable to nuclear relaxation͒ is inconsistent with PM environment around the muon ͑in the PM phase, fast fluctuations of Eu magnetic moments should average out local magnetic field to zero͒. 28 Instead, it is consistent with the formation of the MP around the muon, in which the muon finds itself in a FM environment where its relaxation rate is of the electronic origin and should be close to what is found in the experiment. This fast relaxation disappears when the muons are stopped in the nonmagnetic substrate, indicating that it is related with the magnetic environment in Eu-based MS. Muon spin relaxation due to FM environment in the MP has to be set against another possible relaxation mechanisms: either due to nuclear magnetic moments or due to muonium ͑Muϵ + e − ͒ atom formation. However, the former is too low to cause the observed relaxation: it is estimated to be no more than 0.1 MHz in all the materials studied. As for Mu, although it presents the source of the electronic relaxation, it has never been observed in the PM environment because of the very rapid spin-exchange mechanism. 28 Unfortunately, comparatively low magnetic field of the LE muons spectrometer at PSI does not allow spectroscopic detection of the MP. 30 However, the relaxation rate f of the fast-relaxing component provides insights into the characteristic local magnetic field which muons feel in the PM phase of Eu-based films: in EuS at room temperature f = ␥ ⌬B Ϸ 2.5 MHz corresponds to B loc ϳ ⌬B = 30 G. Such high local magnetic field is consistent with nonfluctuating magnetic environment around the muon. It is in agreement with local magnetic-field shift of about 40 G found in bulk EuS due to MP formation. 30 Although in EuO, EuSe and EuTe this value is several times less it is still consistent with FM environment around the muon.
Further support for MP formation around the muon comes from the temperature dependence of the amplitude ͑asymme-try͒ of the nonrelaxing signal ͑Fig. 4͒. It is known that in FM state 1/3 of the muon polarization is concerved in ZF being parallel to local magnetic field of the FM origin ͑powder approximation͒. 28 In MS, MP around the muon is formed when the increase in the electron kinetic energy due to localization is compensated by the combined effect of the exchange coupling and the Coulomb attraction. 30 The exchange contribution to the localization amounts to a difference between the PM order of the host and the enhanced ͑FM͒ order in the MP. Deep in the FM state well below T c , the lattice spins are already aligned; the exchange coupling of the carrier with these spins is then of no particular significance and, therefore, electron does not localize into MP and the muon stays "bare." Accordingly, the amplitude of the nonrelaxing component of the muon spin polarization A n = 0.11 ͑A total = 0.28͒ at low T and follows the Brillouin function as T approaches T c ͑Fig. 4͒. The fact that the nonrelaxing component has a minimum around T c indicates that it is related to the magnetic state, but not to any other relaxation mechanisms ͑such as Mu formation, etc.͒. The same value close to 1/3 of the full polarization is found at high T indicating to FM environment around the muon. As the magnetization develops toward T c when temperature is decreased in the PM phase, the exchange contribution to electron localization diminishes and therefore can no longer ensure electron localization into MP which manifests itself as a reduction in the A n around 100 K.
In conclusion, using low-energy muons we found that electrons localize to form magnetic polarons in EuO, EuS, EuSe, and EuTe films. 
